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Abstract — This document reports various aspects of silicon 

field-effect transistor structures response under high frequency 

continuous wave and pulsed irradiation. The detectors have 

been manufactured in standard 0.18 um CMOS technology. 

Their response show formerly predicted behavior and novel 

effects. Implementing a pair of non-antenna coupled gate is 

found to increase the sensitivity. Several structures reveal 

additional effects like polarity change depending on gate source 

potential and drain current. A responsivity enhancement 

technique is presented as well in not noise free realistic setups. 

I. INTRODUCTION 

Terahertz (THz) systems and technology have become of 
available using commercial, mainstream silicon technologies. 
This spectrum of electromagnetic waves is non-ionizing and 
provides a mean for imaging through different dielectrics like 
cloths and several types of plastic. In THz imaging systems, 
various sensor technologies appeared, among others CMOS 
field effect transistors (FETs) [1]. Recently, it has been shown 
that these detectors can reach a sensitivity and noise 
equivalent power (NEP) comparable to conventional room 
temperature THz detectors [1]. The silicon detector 
technology offers the advantages of room temperature 
operation, on-chip integration with read-out and signal 
processing circuitry [3-4]. Comparing various reports, the key 
issue of high responsivity is the way of free-space wave 
coupling to the detector FETs and the detector operation 
conditions – like gate-to-source voltage and drain current.  

The aim of this study is to investigate the coupling 
efficiency of the electromagnetic wave to detector channel by 
varying the arrangement of detector FETs. In order to reach 
these goals, a variety of 180 nm technology detectors has been 
integrated with identical free space coupling architecture: the 
radiation has been coupled to the detectors by folded dipole 
antennas and balanced feed lines. Their performance is 
reported under femtosecond pulsed terahertz and continuous 
wave narrow band sub-THz radiation in 0.15-0.5 THz range, 
in both open drain and non-zero drain current situations.  

II. INVESTIGATED STRUCTURES AND METHODS 

A. Detector variants 

The detectors are native NMOS transistors arranged in 
four fundamentally different ways. The detector arrangements 
can be seen in Figure 1. These arrangements cover single 
transistors, multi-finger transistors, and cross coupled gate-
drain placements. The first version of a single transistor served 
as a reference for comparison. Each of the transistors has the 
same drawn physical sizes, namely W/L = 1 µm/180 nm. The 
multi-finger detector had 18 fingers, shared by both sides of 
the feed line. 

 
Figure 1.  Investigated transistor arrangements as sub-THz detectors and 

their connection to folded dipole antennas. 

B.  Free space coupling 

In order to analyze the behavior of the detector variants 
under both broadband and narrow radiation, folded dipole 
antenna structure has been chosen with balanced feedline 
coupling. For a free space half-wavelength dipole, the 
operating frequency at natural resonance is f0 = c/d, where c is 
light velocity and d is the size of the dipole. In case of the 

integrated dipole, the operating frequency shifted by (eff)
-1/2

, 

where eff is the effective permittivity of the halfplane 
substrate and air. The antennas are designed for 0.25 THz 
center frequency with resulting 0.3 mm halfwave size in the 

surrounding passivation of eff ~3.8. The antenna has an 

approximate effective aperture Aeff = 0.132
, for the center 

wavelength  mm, Aeff becomes approximately 0.18 mm
2
. 
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The microphoto and connectivity of one antenna can be seen 
in Figure 2. 

  

Figure 2.  The microphoto and schematic connection of a detector and the 

folded dipole antenna. 

Though the substrate loss is high due to the 10 Ωcm (10 
s/m conductivity) doped silicon substrate, the symmetric 
arrangement of the variants in the die and the same antenna 
geometry provide comparable conditions.  Furthermore, the 
measurements show several resonant peaks and shift in center 
frequency, due to the resonating substrate die. 

C. Measurement technique 

In order to enhance the measurement precision, modulated 
illumination has been used. A Source Measurement Unit 
(SMU) has been built including data acquisition system and 
lock-in amplifier technique. The system provides voltage and 
current sourcing, while recording the voltage response. In 
open drain configuration, the detectors were set to a 
continuously swept gate-to-source voltage. The drain-to-
source is terminated by a 100 kΩ resistor. In the non-zero 
drain current case, constant current is forced and the changing 
drain-to-source voltage is measured. The source terminals 
were grounded. 

III. CONTINUOUS WAVE EXCITATION 

The radiation source was a YIG oscillator – amplifier – 
active and passive frequency multiplier combination. The 
radiation intensity was modulated electronically at 5 kHz. The 
measurement setup is shown in Figure 3. ITO covered glass 
served for mixing the positioning visible fiber coupled laser 
light with the high frequency radiation. Off-axis parabola is 
used for focusing. The fiber coupled laser diode divergence 
was adjusted to that of the sub-THz radiation in order to make 
the positioning more informative. The characterization 
wavelength is 0.26 THz in the followings, and the illumination 
energy density was in the range of 2 mW, focused on a 3 mm 
diameter spot. 

A. Open drain configuration 

The open drain response of the detectors shows the 
expected behavior [1] as shown in Figure 4. The sensitivity 
had a peak at the threshold voltage of the transistors. The first 
and the second structures behave similarly until a region, 
where the outer transistors of the second variant reaches 
subthreshold region as well. At this point the increasing gate-
to-source voltage does not decrease the response, in fact 
improves it further. 

 

Figure 3.  Continuous wave characterization setup. 

It can be observed as well in Figure 4. that the multi-finger 
structure had the lowest response. Though the coupling is the 
higher in this case [2], the increased gate capacitance limited 
the high frequency behavior. The other suggestion is that the 
transistor fingers show high resistance at reaching sub-
threshold region, resulting in uneven boundary conditions for 
the individual fingers. They response may become bipolar, as 
seen at non-zero drain current, – independent of the ground 
level connected at the source – , and as these responses are 
summed up the result observable at the drain side becomes 
lower, and changes polarity. The performance of the cross 
coupled transistors shows polarity change as well, but the 
expected self-mixing effect and responsivity enhancement [3] 
could not be observed. 

 

Figure 4.  0.26 THz responsibility comparison of the detector arrangements. 
The detectors a, b, and c works in open drain configuration, while detector d 

works in non-zero drain current only. 

B. Non-zero Drain Current configuration 

A current source integrated with a lock-in amplifier has 
been involved in the measurements. The system has a 
precision instrument that provides current sourcing and 
measurement. Two variants a) and b) responses are presented 
in Figure 5. and Figure 6. The multi-finger structure behaves 
similarly to variant a) at lower signal levels. The cross coupled 
transistor response could be seen in Figure 4. as its gate-to-
source voltage is tight to a current level.  The two structures 
conform to previously reported results [5]; the responsivity in 



either detector arrangement is enhanced by increasing the 
drain current of the detectors and the polarity change appears 
at increasing drain current. Notable that the enhancement is 
less that has been reported on shorter drawn gate length silicon 
and HEMT technologies. The identified reason is the 
following: first, the used transistor channel length (180 nm) is 
larger than the electron plasma excitation propagation length 
(in range of a few 10 nm). The HEMTs have higher electron 
mobility, hence the electron gas volume that produces the 
detection effect is larger – in fact wider portion of the channel 
and the drain current caused asymmetry [6] has higher impact 
on response. This may hold as well for shorter gate length 
silicon transistor as well in the sense that larger portion of the 
channel is involved in the detection.  

 

Figure 5.  Responsivity of the a) detector at increasing drain current. 

 

Figure 6.  Responsivity of the b) detector at increasing drain current. While 

the outer gates are fixed VGS-OUT = 1.8V. 

IV. PULSED RADIATION 

The pulsed THz illumination detection has been 
investigated as well. The pulsed sources provide a short – psec 
range – electromagnetic pulse with broad spectral 
components. The FET detection of such pulses may provide 
an alternative to electro-optic photomixing sensors [7] as 
shown for GaAs/AlGaAs heterostructure field-effect 
transistors. In the setup (Figure 7.) a collinear THz pulse is 
generated by tilted pulse front excitation in LiNbO3 [8]. The 
focused spot size at the sample was around 2 mm in diameter, 

with an average power of 1.5 mW. The peak THz field 
corresponds to approximate 100-150 kV/cm. The spectral 
density of a pulse can be seen in Figure 8.  

 

Figure 7.  The pulsed THz illumination characterization setup. 

 

Figure 8.  The spectral density of the used pulse source. 

The response of the detectors followed approximately the 
ratio of the CW measurements. The increasing drain current 
increased the response as well to a certain limit. It is important 
to mention, that the high electrical field coupled to the 
detectors continuously degraded their performance. The drain 
current increased during measurement until a point when gate 
oxide breakdown occurred. The effect is an extreme case of 
the very-fast transmission line pulsing ESD damages [9]. The 
only exception was the cross coupled transistor pair, where the 
nearby drains could protect the gate oxides. Hence, the pulsed 
imaging is viable with silicon FETs, though careful ESD 
design is needed to protect the gate structure. 

V. IMAGING SETUP 

An imaging setup has been built to analyze the detectors in 
a practical situation. The setup follows the standard way of 
mirror based focusing (see Figure 10.). In order to increase the 
lateral and axial resolution the imaging follows confocal 
microscopy. The sample has been situated in the focus plane 
adjusted in the X dimension, while has been scanned in YZ 
dimensions.  



 

Figure 9.  Typical time domain photoresponse of the d) detector for the 

broadband pulsed illumination. The pulse repetition rate is 1 KHz. 

The detectivity maximum is found to be shifted from the 
device threshold, the responsivity maximum, and is not the 
open drain case. In spite of the fact that the responsivity 
increases by drain current, the detectivity does not follow the 
same rate due to the appearing flicker noise [1]. On the other 
hand, in the practical setup, the amplifier and digitalization 
process injects noise, which is larger than the open-drain 
configuration’s noise floor. Hence, the drain current can be 
increased up to an optimal level until the detector flicker noise 
becomes dominant in the output noise. The increased drain 
current causes higher responsibility and counterweights the 
higher noise floor of the setup.  

 

Figure 10.  The confocal imaging setup. 

 

Figure 11.  0.26 THz scan of a fresh leaf. 

The detector conditions selected in the experiment is the 
followings: structure b), VGS=0.45 V, VGS-OUT=0.6 V, and 50 

Amp drain current at 0.26 THz, resulting in 2x10
-7

 W/√Hz 
noise floor, 80 V/W unamplified responsivity. The 
photoresponse is amplified by a low noise instrumentation 
amplifier of 40 dB amplification, collected by a data 
acquisition card. Depending on the acquisition speed, the SNR 
reachable has been approximately 82 and 50 dB at 1 s and 1 
ms pixel acquisition time at 2.5 mW radiation power. The scan 
of a fresh leaf can be seen in Figure 11. where the moisture 
rich parts of the leaf absorbed more energy. 

VI. CONCLUSIONS 

Four silicon NMOS FET structure has been compared in 
various situations as sub-THz detector. In continuous wave 
and pulsed broadband illumination different structures were 
effective. In a practical setup, based on characterization for a 
given signal path, detector responsivity, and instrumentation 
noise characteristics, the optimal setting of the highest 
detectivity could be determined including modified gate-
source voltage and low drain current.  
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